The present paper considers a new measurement concept of modeling measuring instruments for gyro-free determination of the parameters of moving objects. The proposed approach eliminates the disadvantages of the existing measuring instruments since it is based, on one hand, on a considerably simplified mechanical module, and on the other hand, on the advanced achievements in the area of nanotechnologies, microprocessor and computer equipment. A specific measuring system intended for measuring the trim, heel, roll, and pitch of a ship has been developed in compliance with the basic principles of this concept. The high dynamic accuracy of this measuring system is ensured by an additional measurement channel operating in parallel with the main channel. The operating principle of the additional measurement channel is based on an appropriate correction algorithm using signals from linear MEMS accelerometers. The presented results from the tests carried out by means of stand equipment in the form of a hexapod of six degrees of freedom prove the effectiveness of the proposed measurement concept.
INTRODUCTION
HE CURRENT STAGE of development of metrology and measuring equipment is distinguished for the transition from measuring quantities constant within time to measuring variable quantities. This transition is caused by a number of reasons but there are two main reasons [1] . The first one is related to the advanced level of science and technology today and the possibilities for using the hightech achievements in the area of microprocessor and computer equipment for real measuring procedures. The second one refers to the continuous improvement of present means of transport (ships, aircrafts, road transport, etc.) in relation to their speed, safety, comfort, and so on.
In this regard the development and improvement of the measuring equipment for determining the parameters that characterize the time-space position, the motion mode, etc. of the above means of transport are very topical. The control effectiveness of these moving objects depends on the quality (accuracy, reliability, form, and rate of presentation) of the measurement information [2] .
To ensure a specific orientation of the above moving objects and to control their motion, measuring instruments providing the required information must be mounted onboard. These instruments must include devices modeling the basic coordinate system [3, 4] . This allows us to determine the position of the moving object when rotating around its center of mass, as well as when moving along with the latter. In addition, it enables us to keep the motion direction set. Therefore, part of the measuring instruments mounted on moving objects must possess properties that ensure continuous storage of particular directions connected with the Earth.
One of those characteristics, which is mandatory for the orientation system of most moving objects, is the local vertical. There are different methods and tools for building and keeping the local vertical in measurement mode [5, 6] . The functional elements constituting the vertical play a secondary role in organizing the overall metrological structure of the measuring instruments. Hence, they are considerably important when forming the qualitative characteristics of the measuring instruments and systems in this area.
Measuring instruments built on the properties of the gyroscope are widely spread in metrology [7] . This is mainly due to the physical nature of the gyroscope that ensures its stability in relation to the inertial actions caused by the motion of the object. Therefore the dynamic accuracy of the measuring instruments built on this method is guaranteed by stabilizing the vertical in the inertial space. Under the conditions of dynamic actions these instruments provide relatively high accuracy, which reaches dynamic error values up to several tenths of a degree for the best samples [5] . On the other hand, the measuring instruments built on the basis of gyro-verticals are distinguished for a number of disadvantages such as a sophisticated design, less reliability under extreme conditions, requirement of special systems ensuring the gyro-vertical operation; large sizes, high prices, etc. [6] , thus limiting, to a great extent, their application.
Current achievements in science and technology provide good perspectives for developing measuring instruments of a new generation, that possess better qualitative features and metrological characteristics. The actual development and improvement of such measuring instruments is first and T 10.2478/msr-2014-0036 foremost based on the fast advancement of nanotechnologies [8] , microprocessor and computer equipment.
Therefore, today new measuring systems whose improved accuracy parameters in dynamic measurement mode are formed on the basis of new measurement concepts and signal processing algorithms can be implemented. On the basis of their improved characteristics, they can more effectively replace the current measuring instruments based on the gyroscopic principle of vertical stabilization.
A CONCEPT OF MODELING MEASURING INSTRUMENTS
The proposed measurement concept can be successfully used for modeling instruments that measure the angular position of moving objects in relation to the basic coordinate system, as well as their dynamic fluctuations around their instantaneous axis of rotation. It is designed for developing new measuring instruments in this area since it is based on a different approach targeting the elimination of the dynamic error caused by the deviation of the inertial components that model the vertical from the inertial space in real time rather than their stabilization. This modeling concept can overcome the disadvantages of the existing measuring instruments as it is based, on one hand, on a very simplified mechanical module, and on the other hand, on the possibilities of modern measuring equipment in the area of dynamic measurements. In addition, it is based on successfully integrated processing algorithms [8, 9, 10] intended for eliminating the dynamic error [9, 11] .
The block diagram illustrating the operating principle of the measuring systems developed according to the concept of the present approach is shown in Fig.1 . In general, it consists of a main measurement channel, an additional channel, interfaces to connect with a computer, and program modules for processing and presenting measurement information.
The main channel is used for measuring the current values of the angles determining the position of the moving object in the basic coordinate system. It is based on the gyro-free principle of vertical modeling and a very simplified design, which results in considerably reducing the magnitude of the instrumental errors.
However, this way of modeling the vertical leads to its instability in the inertial space. Under inertial actions caused by the motion and fluctuations of the object, this instability determines the deviation of the elements modeling the vertical from the actual direction of the vertical. All this results in a dynamic error which in some cases can reach inadmissibly high values [12] . Therefore, the proposed concept envisages a procedure eliminating the current values of the dynamic error from the measurement result.
The procedure related to the obtaining of the measurement information required for determining the current values of the dynamic error is implemented in the additional channel ( Fig.1.) . The latter operates in parallel with the main channel, which provides an opportunity to eliminate the dynamic error from the measurement result in real time. The structure of the additional channel and the type of devices constituting it are specified on the basis of the selected model for determining the current values of the dynamic error and the algorithm for correcting the signal from the main measurement channel. 
A MEASURING SYSTEM FOR DETERMINING THE HEEL AND TRIM OF A MOVING OBJECT
To illustrate the characteristics of the proposed concept, a specific measuring system developed in compliance with the principles of this concept is presented. The system is designed for measuring the roll, pitch, heel, and trim of a ship. Its block diagram is shown in Fig.2 .
The basic concept of the present measuring system is focused on the simplified design of the vertical in the form of a physical pendulum (Fig.3. ). This comparatively simple design of the mechanical module, consisting of a small number of elements, results in limiting the magnitude of the instrumental error. The body 1 of the mechanical module is fixed to the ship. By means of an appropriate suspension system 2, a system for modeling the vertical 3 is mounted on the body. The latter consists of an outer frame 1 and inner frame 2, connected in series by cylindrical joints (Fig.4.) .
A physical pendulum of two degrees of freedom 3 is attached to the inner frame (Fig.4.) . The two frames have interperpendicular axes of rotation, which intersect at one point. The measurement information about the heel and trim angles is obtained from identical absolute encoders 4 and 5, mounted on the respective measurement axis.
The absolute encoders 4 and 5 used in the model are intended for transforming the angular displacements in coded electrical signals corresponding to the absolute position of the shaft. The application of differential parallel scanning of each division of the rotating scale in Gray code eliminates the errors due to interferences and provides a wide operating temperature range. The absolute encoders are distinguished for their high accuracy, high noise immunity, fast response, wide range of supply voltage, and small size. The measurement accuracy in dynamic mode is ensured by an additional channel for determining the dynamic error. It consists of two pairs of identical MEMS accelerometers of SCA2100-D01 type used for measuring the linear acceleration. The accelerometers are mounted, respectively, on the body of the mechanical module, on the first cylindrical joint (two accelerometers), and on the physical pendulum (Fig.2) . The first two accelerometers are mounted in such a way that their measurement axes are sensitive to the accelerations generated by the roll whereas the measurement axes of the other two accelerometers are sensitive to the accelerations generated by the pitch. This scheme of mounting of the MEMS sensors ensures the sensitivity of the first accelerometer of each sensor pair to all accelerations generated by the roll and the pitch. Every second accelerometer is sensitive not only to the accelerations of the first sensor but also to those generated by the pendulum motion in relation to its degree of freedom. This makes possible the development of a procedure involving the subtraction of the signals from the first and second accelerometer of each sensor pair, where the output signals are proportional to the accelerations generated by the pendulum motion in relation to its degree of freedom. By means of a data processing algorithm a double integration of the accelerations is performed, where signals defining the pendulum deviations from the vertical in relation to its two degrees of freedom are obtained.
Usually the measuring instruments operating in similar mode are subjected to other interference actions whose sources are external or internal additional secondary processes of unpredictable behavior. Hence, it is necessary to introduce an additional procedure for protecting the measuring instrument against the presence of these interference sources. Taking into account the characteristics of the quantities constituting the measurement environment where the measuring instruments under consideration operate, it can be concluded that the best form of eliminating the influence of the interference sources is the Kalman filter. The characteristics of this algorithm fit very well into the solution of a number of problems emerging in the process of optimization of the accuracy characteristics of the measuring instruments defining the parameters of the above listed moving objects [8, 10, 13, 14, 17] . Therefore, a module for signal processing by means of the Kalman algorithm is included in each measurement channel of the block diagram (Fig.2. ).
A MATHEMATICAL MODEL OF THE MEASURING SYSTEM
The differential equations related to the motion of the instrument inertial components present the most complete description of the dynamic characteristics of the instruments. The equations are worked out for operating conditions close to the real ones. In order to make the mathematical operations easier, only one of the two measurement channels will be viewed -that related to the trim. In addition, the mathematical model of the accelerometer mounted on the cylindrical joint can be easily deduced from the equations of the second accelerometer positioned on the instrument pendulum, due to which it will not be taken into account when working out the differential equations.
The differential equations are worked out on the basis of a dynamic system shown in Fig.5 . The motions of a ship are defined as angular and linear fluctuations of a rigid body around or along its center of gravity. The moving object (the ship), to which the coordinate system Oxyz is connected, changes its position randomly in relation to the supporting system О о ξηζ. The measuring instrument is mounted on the ship and its sensor (the physical pendulum) is connected to the coordinate system Cx 1 y 1 z 1 . The suspension point О 1 of the instrument sensor coincides with the diametral plane of the ship and its position with regard to the center of gravity of the moving object О is defined by the z and y coordinates. The position of the moving object in relation to the supporting system О о ξηζ is set by the three coordinates of its center of gravity О -ξ о , η о , ζ о and the matrix Upon working out the differential equations, the Lagrangian method is used. (1) are worked out by taking into consideration the most complete and precise model of quantities, defining the measurement environment. Therefore, these differential equations describe in the most appropriate way the properties and characteristics of the measuring system. The availability of the mathematical model (1) allows us to forecast the measurement results when the system runs under different operating conditions, as well as to optimize its structure and parameters so as to satisfy the condition of a minimum error in the measurement result.
Reducing the equations (1) to a simplified form by means of linearization and inclusion of only small first-order quantities provides a clear picture of the concept used in the metrological procedure of the measuring system, i.e. The third equation in (2) defines the link between the readings of the accelerometer mounted on the physical pendulum and the quantities entering at the input of the instrument. A differential equation representing the motion of the sensitive element of the second accelerometer can be easily worked out from this equation, taking into account the identical design characteristics of the two sensors and the fact that this accelerometer is not sensitive to the motion of the physical pendulum. Then the differential equation sought will be:
where y p is the coordinate of the motion of the sensitive element of the second accelerometer. It can be seen in the third equation in (2) and (3) that the difference between the readings of the two accelerometers will be proportional to the function
, by means of which we can easily determine the quantity β(t) defining the dynamic error. Namely this mathematical model serves as a basis of the above proposed structure of the additional channel and the processing algorithm using the signals from two pairs of identical MEMS accelerometers.
EXPERIMENTS
To carry out the experiments, the required stand equipment has been developed. It is a hexapod of six degrees of freedom, which makes possible the reproduction of the fluctuations of the ship in a form close to the real operating conditions [15, 16, 18] . To ensure accuracy, the equipment is calibrated and metrological traceability of its unit to the length standard is provided. The equipment is shown in Fig.6 . Fig.7 . illustrates the results from the investigation of the dynamic accuracy of the measuring system in its two operating modes. Within the first operating mode a Kalman filter is not used. Unlike within the second operating mode a module processing the measurement signals in compliance with the Kalman algorithm is used. The curves in Fig.7 (4) and (5) As it can be seen in Fig.7. (the red curve), the measuring system is stable enough in relation to its dynamic accuracy even without using the Kalman algorithm. In this case the maximum values of the dynamic error are within a range of 0.15° -0.16°. The experiments show that even under the most severe conditions caused by the fluctuations of the ship the error does not exceed 0.2° -0.3°.
The Kalman algorithm considerably improves the dynamic accuracy of the measuring system, which is illustrated in 
CONCLUSIONS
The proposed measurement concept is designed for developing gyro-free measuring systems that determine the parameters of moving objects. This modeling approach overcomes the disadvantages of the existing measuring instruments since it is based, on one hand, on a very simplified mechanical module, and on the other hand, on the advanced achievements in the area of nanotechnologies, microprocessor and computer equipment.
The high dynamic accuracy of the proposed measuring system is ensured by an additional measurement channel operating in parallel with the main channel. The metrological procedures in the additional channel are based on an appropriate correction algorithm using signals from linear MEMS accelerometers.
The experimental results confirm the effectiveness of the proposed measurement concept in relation to the dynamic accuracy of systems measuring moving objects. As a result of the operation of the additional channel and the Kalman algorithm the accuracy characteristics of the measuring system under conditions of dynamic influences are improved to a great extent. This can be implemented without using expensive elements and stabilization systems.
